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Abstract
Based on the World Climate Research Programme’s (WCRP’s) Coupled Model Intercomparison Project
phase 3 (CMIP3) multi-model dataset, evaluation for the summer monsoon over the Asian and western North
Paciﬁc (WNP) sectors is made in terms of reproducibility of the seasonal mean structure. Also investigated is a
stepwise eastward progress of convection center from the Indian Ocean toward the WNP in the course of the
maturing process of the continental and oceanic monsoons.
Most models roughly reproduce seasonal mean broad-scale features on the Asian summer monsoon (ASM),
but lower-tropospheric circulation over East Asia (EA) through the WNP and the location and intensity of the
North Paciﬁc subtropical high exhibit large inter-model variability. Some of the models fail to reproduce a rever-
sal of the upper-tropospheric meridional temperature gradient over the South Asia and the North Indian Ocean
sector. Metrics on the reproducibility of lower-tropospheric circulation of the ASM are also presented, in order to
evaluate the reproducibility of the ASM circulation quantitatively.
The large inter-model variability over the EA-WNP domains could be attributed to insu‰cient reproducibility
of the oceanic monsoon. In most of the models, the stepwise eastward progress of convection over the South
China Sea and WNP commences in May almost concurrently with large-scale circulation, whereas the eastward
progress of convection is faster in most of the models than in the observation over the WNP. It is suggested that
a teleconnection pattern associated with an intensiﬁcation of convective activity over the WNP in mid-July is one
of the key phenomena in both the observation and the coupled models, given the withdrawal of the Baiu rainy
season around Japan. The analysis based on metrics concerning the stepwise eastward progress of convection
over the WNP and its vicinity suggests that these models still have some di‰culties in reproducing the stepwise
eastward progress of convection accurately.
1. Introduction
The Asian summer monsoon (ASM; also see
Appendix for abbreviations) is one of the most im-
portant components in the global climate system,
providing an enormous amount of water resources
over the most densely populated regions of the
world. Therefore, it is essential to predict the future
projection over the ASM region under the global
warming situation as accurate as possible. Recent
assessment results for the future projections are
summarized in the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change
(IPCC AR4). In this report, the future projections
are based on multi-model ensembles (MMEs) of 23
state-of-the-art atmosphere-ocean coupled general
circulation models (CGCMs) from many climate
research centers and institutes of the world which
participate in the World Climate Research Pro-
gramme’s (WCRP’s) Coupled Model Intercompari-
son Project phase 3 (CMIP3). The MME method is
useful to obtain better future projections, since it
can remove errors inherent in respective CGCMs.
By using the MME, future climate changes in the
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ASM regions and their physical mechanisms have
been clariﬁed. For example, Kimoto (2005) pro-
jected increased activity of the Baiu/Meiyu rain
band in boreal summer over East Asia (EA), asso-
ciated with strengthening of anticyclonic cells to its
south and north. Ueda et al. (2006) showed that
precipitation as well as temperature over the ASM
regions will be projected to increase in the future,
while lower tropospheric monsoon circulation will
become weak.
On the other hand, recent studies (e.g., Lin et al.
2008; Kim et al. 2008) have pointed out that the
there still remains large spread of reproducibility in
various features of the ASM among these CGCMs.
Thus there is room to improve the assessment of
future climate by selecting the CGCMs in which the
spatiotemporal structure of the ASM is well repro-
duced. Kitoh and Uchiyama (2006) evaluated JJA
(June to August) mean precipitation ﬁeld over the
ASM and seasonal variation of precipitation in EA
and the western Paciﬁc sector in 15 CGCMs of the
WCRP CMIP3, and examined the future changes
in onset and withdrawal of the East Asian summer
rainy season. Annamalai et al. (2007) also com-
pared the ASM precipitation ﬁelds in the CMIP3
multi-models, and discussed future changes in rela-
tionship between the South Asian monsoon and El
Nin˜o-Southern Oscillation (ENSO). Evaluations
for atmospheric circulation of the ASM, however,
are not su‰ciently studied in the previous studies.
In order to further explore future monsoon changes
and their mechanisms in the CGCMs, it is impor-
tant to evaluate how these CGCMs can reproduce
the atmospheric circulation ﬁelds. In the present
study, we compare JJA mean ﬁelds associated with
the ASM circulation in the CGCMs and observa-
tions.
The ASM exhibits abrupt stepwise seasonal tran-
sitions in precipitation and circulation (e.g., Min-
oura et al. 2003). This feature is especially obvious
in the western North Paciﬁc (WNP) summer mon-
soon region (Wu and Wang 2001; Wang and
LinHo 2002), which is characterized by an east-
ward progress of the ASM system from the Indian
Ocean toward the WNP through air-sea interac-
tion. Previous observational studies (e.g., Ueda
2005; Ueda et al. 2009) revealed that there are step-
wise seasonal changes at one month interval from
mid-May to mid-July occurring over the South
China Sea (SCS) through the WNP. Interestingly,
three-stage onsets are closely related through air-
sea interaction and heat-induced teleconnection.
For example, the mid-May change causes to en-
hance convection to the east of the Philippines by
east-west asymmetric air-sea heat exchange along
10N. As for the abrupt mid-July change, anoma-
lous descent motion induced by mid-June Philip-
pine convection plays an important suppressant
role in convective activity over the subtropical
WNP around 15N, 150E. Moreover, the behavior
of the WNP monsoon has enormous impacts on the
seasonal evolution in EA such as onset and with-
drawal of the Baiu/Meiyu rainy season (Ueda et al.
1995; Kawamura and Murakami 1998). In this
way, it is a necessary condition as a reliable
CGCM to reproduce the three consecutive seasonal
changes orderly from west to east. It is also impor-
tant to ﬁgure out to what extent the seasonal
changes and the associated tropical-subtropical
teleconnection in the CGCMs are similar to those
in observation. In the present study, we focus on
the onset dates and their abruptness of the WNP
monsoon, and make a comparison of the step-
wise seasonal changes of precipitation ﬁelds in
CGCMs and observation. The seasonal evolution
of the ASM is considered as a result of complex
land-atmosphere-ocean interaction. Therefore, the
CGCMs’ seasonal progresses themselves in com-
parison with those in observation deserve to be
examined in the ﬁrst step. Indeed, there are quite
less papers that evaluate the seasonal march in the
state-of-the-art CGCMs. Of course, we think it is
very important to compare detailed physical pro-
cesses (e.g., air-sea interaction, inhibition processes
of convective activity) related to the seasonal evolu-
tion between the CGCMs and observations, for fur-
ther improvement of the CGCMs. However, it is
beyond the scope of the present study, and should
be evaluated in the subsequent studies.
Section 2 describes data utilized in the present
study. In Section 3, we compare JJA mean climato-
logical ﬁelds of atmospheric circulation and some
other components between observation and the
CGCMs. Section 4 examines the seasonal evolution
over the WNP, SCS and EA. Discussions are made
in Section 5, and Section 6 gives a brief summary.
2. Data
This analysis is based on the 20-year (1980–99)
average in the 20th Century Climate in Coupled
Models (20C3M) of the WCRP CMIP3 (Meehl et
al. 2007). Table 1 shows the CGCM names and
model IDs used in this study. Details of these
CGCMs are documented on the web site (http://
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www-pcmdi.llnl.gov/ipcc/about_ipcc.php) at the
Program for Climate Model Diagnosis and Inter-
comparison (PCMDI), the Lawrence Livermore
National Laboratory (LLNL). We use monthly
mean precipitation, wind, geopotential height and
sea surface temperature (SST), and daily mean
precipitation and wind for comparison. In some
CGCMs, monthly/daily mean data of part or all
elements are not available. The available monthly/
daily data compared in the present study is also
shown in Table 1. Daily mean datasets of models
K and L are available but not examined here, be-
cause precipitation values calculated from daily
mean data do not correspond to those calculated
from monthly mean data. To equally treat each
CGCM, only the ﬁrst member of simulation is
used in the present study, even if multi-member
output is available for several CGCMs. In order to
calculate metrics between each CGCM and obser-
vational datasets, precipitation and wind data are
interpolated into the common 2.5 degree by 2.5 de-
gree horizontal grids. From daily mean data, pen-
tad (5-day) mean values are calculated. In models
N, P and S, one year is not the ordinary 365 days
but 360 days, thus annual total pentad number is
72 in these CGCMs.
To evaluate each CGCM’s reproducibility of the
ASM, we use three observational datasets: the CPC
Merged Analysis of Precipitation (CMAP; Xie and
Arkin 1997) for precipitation, the 40-year Reanaly-
sis from the European Centre for Medium-Range
Weather Forecasts (ERA-40; Uppala et al. 2005)
for wind and geopotential height, and the NOAA
Extended Reconstructed SST (ERSST; Smith and
Reynolds 2004). Also in these observational data-
sets, 20-year (1980–99) averages are used for com-
parison.
3. Performance of the CGCMs in JJA mean ﬁelds
3.1 Spatial patterns of atmospheric ﬁelds
Figure 1 shows climatological (1980–99) JJA
mean ﬁelds of precipitation (shading), and 850 hPa
horizontal wind (vectors) in observation and 24
CGCMs. Among the CGCMs and observation,
overall features of precipitation and lower-
troposphere circulation are similar to each other,
except model A. Most CGCMs reproduce precipi-
tation more than 5 mm day1 over the Bay of Ben-
gal, Indochina Peninsula, SCS, and the Philippine
Sea regions, while some CGCMs show insu‰cient
rainfall over India. Precipitation centers over the
Western Ghats, the Bay of Bengal and SCS, and a
rain belt over western and central Japan (the Baiu/
Meiyu rain band) are also recognizable in quite a
number of CGCMs, whereas some CGCMs (e.g.,
models K and L) reproduce too much precipitation
over the southeastern periphery of the Tibetan
Plateau. Southwesterly wind in the lower tropo-
sphere over the North Indian Ocean is also well si-
mulated, except model A. On the other hand, east-
ward extension of the southwesterly wind over the
WNP sector di¤ers largely from model to model,
and the variability of JJA mean 850 hPa wind pat-
tern over the WNP and its vicinity is larger than
that over the Indian monsoon sector. Compared
with observations, the southwesterlies extend too
eastward in some CGCMs (e.g., models O and
W), while in other CGCMs (e.g., models K and
M) the tropical easterlies dominate over the SCS
in place of the westerlies. In the CGCMs which
show strong southwesterlies over the WNP, a lati-
tudinal peak of precipitation over the WNP is
more northward than that in observation. The posi-
tion of the North Paciﬁc subtropical high (NPSH)
Table 1. List of CGCMs used in the present study.
Crosses indicate available monthly and daily mean
data examined in the present study.
ID Model Country Monthly Daily
A BCC-CM1 China x
B BCCR-BCM2.0 Norway x x
C CGCM3.1(T47) Canada x x
D CGCM3.1(T63) Canada x x
E CNRM-CM3 France x x
F CSIRO-MK3.0 Australia x x
G CSIRO-MK3.5 Australia x x
H GFDL-CM2.0 USA x x
I GFDL-CM2.1 USA x x
J GISS-AOM USA x x
K GISS-EH USA x
L GISS-ER USA x
M FGOALS-g1.0 China x x
N INGV-ECHAM4 Italy x x
O INM-CM3.0 Russia x x
P IPSL-CM4 France x x
Q MIROC3.2(hires) Japan x x
R MIROC3.2(medres) Japan x x
S ECHO-G Germany,
Korea
x
T ECHAM5/MPI-OM Germany x x
U MRI-CGCM2.3.2 Japan x x
V CCSM3 USA x
W PCM USA x
X UKMO-HadCM3 UK x
Y UKMO-HadGEM1 UK x
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Fig. 1.
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Fig. 1. (continued)
Spatial distributions of JJA mean precipitation (shading), 850 hPa horizontal wind (vector), and 200–
500 hPa thickness (contour) in observational datasets (CMAP and ERA-40; Obs.), and in the respective
CGCMs. Model IDs are shown in upper left corner of each panel. Contour intervals of 200–500 hPa thick-
ness are 50 m. A thick solid line indicates the ridge line of the North Paciﬁc subtropical high deﬁned from
850 hPa wind (see text in detail). A ﬁlled triangle in each panel shows a local maximum of 200–500 hPa
thickness. Broken lines are 1500 m contour of topography.
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also exhibits large inter-model variability. A ridge
line of NPSH in each CGCM, deﬁned from a
boundary between 850 hPa southeasterly and
southwesterly wind domains, is also shown as a
thick line in Fig. 1. The north-south position and
western periphery of the NPSH ridge have large
di¤erences among the CGCMs.
The strength of the lower tropospheric wind over
the WNP region is intimately connected with the
latitudinal position of the NPSH ridge. Figure 2
shows an inter-model relationship between JJA
mean 850 hPa zonal wind over 5–15N, 130–
150E, and JJA mean latitude of the NPSH ridge
along a longitudinal band of 130–150E. The
ridge latitude in model Y cannot be deﬁned, be-
cause the ridge line does not reach 140E. This
panel indicates that enhanced monsoon westerlies
over the WNP are concurrent with the northward
position of the NPSH ridge (correlation coe‰cient
among 23 CGCMs is 0.65). Though the summer-
time NPSH around Japan is a¤ected by multiple
atmospheric teleconnection patterns (Wakabayashi
and Kawamura 2004) including the Silk Road
pattern (Enomoto et al. 2003; Kosaka et al. 2009),
this inter-model relationship suggests that the
climatological circulation in the CGCMs over the
WNP-EA domain is at least partly inﬂuenced by
the PJ (Paciﬁc-Japan) teleconnection pattern (Nitta
1987). It should be emphasized here that the lati-
tude of NPSH ridge in many CGCMs is higher
than that in observation (denoted as a ﬁlled square
in Fig. 2).
Fig. 2. A scatter diagram of JJA mean 850 hPa zonal wind averaged over the WNP (130–150E, 5–15N),
and JJA mean ridge latitude averaged along 130–150E. Letters indicate model IDs shown in Table 1, and
a ﬁlled square is the observations.
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There is a possible linkage of reproducibility
between the WNP region and the central equatorial
Paciﬁc. Figure 3 shows an inter-model relationship
between 850 hPa zonal wind averaged over the
WNP (5–15N, 130–150E), and precipitation
rate averaged over the equatorial central Paciﬁc
(160E–120W, 5S–5N). In general, intensiﬁed
(weakened) WNP summer monsoon circulation in
CGCMs is collocated with suppressed (enhanced)
rain over the equatorial central Paciﬁc, and the
correlation coe‰cient between them is 0.55. A
majority of the CGCMs reproduce precipitation
over the equatorial central Paciﬁc less than that in
observation, as already pointed out by Lin (2007).
Although other factors may also a¤ect the WNP
monsoon reproducibility, Fig. 3 implies that the
bias over the equatorial Paciﬁc possibly a¤ects the
lower-tropospheric circulation in the WNP regions,
and is further connected with the reproducibility of
the East Asian summer climate (Fig. 2).
One of the important features of the large-scale
ASM circulation is a reversal of upper-tropospheric
temperature gradient between the Tibetan Plateau
and the adjacent oceans (Li and Yanai 1996). In a
climatological sense the upper-air temperature over
the Tibetan Plateau is higher than that over the
North Indian Ocean only in the boreal summer,
which is a major driving force of the ASM (Kawa-
mura 1998). The spatial distribution of upper-
tropospheric (200–500 hPa) thickness is also com-
pared in Fig. 1 (contour). In observation, a maxi-
mum of the upper-tropospheric thickness (denoted
as ﬁlled triangles in Fig. 1) lies in the vicinity of
the southern Tibetan Plateau. Many CGCMs bear
horizontal structures similar to that in observation,
while in some CGCMs (e.g., models J and P) the
maximum of thickness locates southeastward from
that in observation.
Fig. 3. Same as Fig. 2, except the relationship between JJA mean 850 hPa zonal wind averaged over the
WNP (130–150E, 5–15N), and JJA mean precipitation rate averaged over the central equatorial Pa-
ciﬁc (160E–120W, 5S–5N).
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As a broad-scale ASM circulation index, Kawa-
mura (1998) presented the meridional thermal
gradient (MTG) index, deﬁned as a di¤erence in
area-averaged upper tropospheric (200–500 hPa)
thickness between the Tibetan Plateau (50–100E,
20–40N) and the North Indian Ocean (50–
100E, 0–20N). Figure 4 compares JJA mean
MTG in the CGCMs and the observations. More
than half of CGCMs have positive MTG, while
their absolute values are somewhat lower than
those in observation except model Y. It should be
mentioned here that ﬁve CGCMs show negative
MTG values, indicating the weak reproducibility
of the broad-scale ASM in the upper-troposphere.
In models K and L, upper-tropospheric ﬁelds seem
to be strongly a¤ected by underlying topography
(Fig. 1) over the Tibetan Plateau. In models A, J
and P, higher thickness areas exist more southward
than those in observation. It is meaningful to note
that these ﬁve CGCMs are consistent with the
models which reproduce the ﬁve weakest monsoon
westerlies in the lower troposphere over the South
Asia and the North Indian Ocean domain (average
over 0–20N, 40–110E; ﬁgure not shown). This
result suggests a close relationship on reproducibil-
ity between the lower and upper tropospheric circu-
lations.
3.2 Metrics on JJA mean ﬁelds
Kitoh and Uchiyama (2006) presented skill
scores on precipitation proposed by Taylor (2001),
in order to quantitatively evaluate the performance
of the present climate simulations with respect to
observations. In the present study, we apply their
method to the 850 hPa zonal and meridional wind.
The area for comparison includes the whole ASM
regions (40–160E, 20S–50N), which is also the
same as that calculated by Kitoh and Uchiyama
(2006).
Taylor (2001) proposed the following skill score
(S) for evaluation:
S ¼ 4ð1þ RÞ
4
SDRþ 1
SDR
 2
ð1þ R0Þ4
; ð1Þ
where R is a spatial correlation coe‰cient between
each CGCM and the observations (ERA-40 in the
present study), SDR is a ratio of spatial standard
deviations for each model against observations,
and R0 is a maximum correlation coe‰cient attain-
able between intra-ensemble members in the same
model. We assume R0 as unity, since only the ﬁrst
member of simulation is used in the present study.
Actually, correlation coe‰cients of 850 hPa zonal
Fig. 4. JJA mean meridional thermal gradient (MTG) in each CGCM (denoted by model ID), and that
based on ERA-40 (denoted by ‘‘Obs.’’). Bars of the models are arranged in ascending order.
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wind between intra-ensemble members in model U
range between 0.995 and 0.998, supporting validity
of the assumption.
Table 2 shows the spatial correlation coe‰cients
(R), the ratios of spatial standard deviations (SDR),
and the skill scores (S) of 850 hPa zonal wind
(U850) and meridional wind (V850) respectively. A
combined 850 hPa wind skill score (S for UV850),
deﬁned as a product of S for U850 and V850 in
each model, and R, SDR, and S for precipitation
with respect to the CMAP precipitation data are
also shown in Table 2. Minor di¤erences between
our calculation in Table 2 and that by Kitoh and
Uchiyama (2006) may be due to a di¤erence of the
reference years between them. The skill score for
model A is extremely lower than those for other
CGCMs. Except model A, skill scores range from
0.626 to 0.932 for U850, from 0.560 to 0.890 for
V850, and from 0.371 to 0.830 for UV850. As is
expected, the inter-model correlation coe‰cient for
the skill scores between U850 and V850 is very
high (0.94 for the 24 CGCMs). Similarly, an inter-
model correlation coe‰cient between the UV850
skill scores and precipitation skill scores is also sig-
niﬁcantly high (0.88 for the 24 CGCMs). This im-
plies that the reproducibility of the lower tropo-
spheric circulation in the CGCMs is closely linked
to that of precipitation over the ASM region. Cor-
relation coe‰cients, ratios of standard deviation,
and skill scores for the 23-model MME (model A
is excluded due to its extremely low score) are also
shown at the bottom of the table. In general, SDR
is considerably less than 1, due to a smoothing
e¤ect of the MME method. However, R and S of
the MME are nearly as high as those of the best
CGCM, because the MME method decreases er-
rors inherent in respective CGCMs as mentioned
in Section 1.
Table 2. List of spatial correlation coe‰cients (R) with observations, ratios of standard deviation (SDR) to observa-
tions, and skill scores (S) for 850 hPa zonal (U850) and meridional (V850) wind over the ASM (40–160E, 20S–
50N) with respect to each CGCM, and the 23-model MME (except model A), based on JJA mean ﬁelds. Products
of zonal and meridional 850 hPa wind (UV850) skill scores, and R, SDR and S for precipitation are also shown.
U850 V850 UV850 Precipitation
ID Model R SDR S R SDR S S R SDR S
A BCC-CM1 0.028 0.651 0.047 0.122 0.807 0.095 0.004 0.163 1.312 0.106
B BCCR-BCM2.0 0.952 0.985 0.907 0.864 0.834 0.730 0.662 0.742 0.737 0.525
C CGCM3.1(T47) 0.952 1.111 0.897 0.892 1.135 0.788 0.706 0.869 0.913 0.757
D CGCM3.1(T63) 0.951 1.145 0.889 0.897 1.152 0.793 0.705 0.869 0.924 0.757
E CNRM-CM3 0.929 1.003 0.866 0.829 0.852 0.681 0.590 0.743 0.762 0.537
F CSIRO-MK3.0 0.917 0.988 0.844 0.872 0.815 0.736 0.621 0.833 0.824 0.679
G CSIRO-MK3.5 0.920 1.040 0.847 0.860 0.869 0.734 0.622 0.821 0.987 0.687
H GFDL-CM2.0 0.963 0.994 0.928 0.927 0.881 0.848 0.787 0.827 0.953 0.695
I GFDL-CM2.1 0.967 1.069 0.932 0.944 0.948 0.890 0.830 0.860 0.975 0.748
J GISS-AOM 0.907 0.897 0.817 0.825 0.751 0.639 0.522 0.782 0.867 0.618
K GISS-EH 0.828 0.943 0.696 0.765 0.868 0.595 0.414 0.513 1.041 0.327
L GISS-ER 0.901 0.945 0.814 0.818 0.838 0.662 0.539 0.719 1.013 0.546
M FGOALS-g1.0 0.855 0.906 0.732 0.798 0.948 0.652 0.477 0.684 0.707 0.447
N INGV-ECHAM4 0.945 0.871 0.877 0.920 0.885 0.837 0.734 0.779 0.900 0.619
O INM-CM3.0 0.870 0.909 0.757 0.774 0.728 0.560 0.424 0.664 0.823 0.461
P IPSL-CM4 0.923 0.856 0.834 0.844 0.789 0.684 0.570 0.784 0.838 0.613
Q MIROC3.2(hires) 0.915 1.074 0.836 0.923 1.212 0.824 0.689 0.703 0.982 0.526
R MIROC3.2(medres) 0.926 1.103 0.852 0.891 1.170 0.780 0.664 0.767 0.913 0.604
T ECHAM5/MPI-OM 0.930 0.984 0.867 0.917 1.016 0.844 0.732 0.816 1.137 0.668
U MRI-CGCM2.3.2 0.901 1.068 0.813 0.861 1.021 0.749 0.609 0.793 0.985 0.645
V CCSM3 0.902 1.051 0.817 0.871 0.952 0.764 0.624 0.792 0.882 0.635
W PCM 0.794 1.202 0.626 0.755 1.007 0.593 0.371 0.692 1.112 0.506
X UKMO-HadCM3 0.946 1.052 0.894 0.869 1.008 0.763 0.683 0.796 1.168 0.635
Y UKMO-HadGEM1 0.948 1.149 0.884 0.881 0.985 0.782 0.691 0.753 1.137 0.580
23-Model MME 0.976 0.916 0.946 0.944 0.860 0.872 0.825 0.905 0.793 0.781
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In order to visualize the performances of the re-
spective CGCMs clearly, ‘‘Taylor diagrams’’ (Tay-
lor 2001) for U850, V850 and precipitation are
shown in Fig. 5. This diagram is widely used for
evaluation of models’ performance with respect to
observations. In this diagram, a reference dataset
(Obs.) is plotted along the abscissa. Simulated ﬁelds
are located in the ﬁrst (second) quadrant if the
correlation with the reference dataset is positive
(negative). The spatial correlation between each
CGCM and observation is related to the azimuthal
angle, and the radial distance from the origin indi-
cates the standard deviation. The distance between
each model and a reference dataset is proportional
Fig. 5. Taylor diagrams for (a) 850 hPa zonal wind, (b) 850 hPa meridional wind, and (c) precipitation. Let-
ters indicate model IDs shown in Table 1, and a ﬁlled triangle in each panel is based on the 23-model MME
(except model A).
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to the root-mean-square error after the removal of
the spatial average. Again, it is easily recognized
that model A is an outlier for all elements. In
many CGCMs, radial distances from the origin are
close to those from the observations, and correla-
tion coe‰cients range 0.80–0.95 for U850 and
V850, and 0.70–0.90 for precipitation. On a closer
view, however, distances from observations in mod-
els K and W are twice as long as that in the shortest
one. Therefore, there is still certain room for im-
provement of future projections of the ASM, by se-
lecting better CGCMs instead of unweighted MME
projections.
4. Evaluation of summertime seasonal evolution
over the WNP and SCS
4.1 Comparison of the stepwise seasonal changes
As already explained in Section 1, the ASM
shows a clear abrupt seasonal transition with one-
month interval, especially over the WNP during
mid-May to mid-July (Wang and LinHo 2002). In
this section, we evaluate reproducibility of the step-
wise seasonal changes over the WNP and its vicin-
ity in the CMIP3 CGCMs, based on pentad mean
data calculated from daily mean outputs. As noted
in Section 2, daily mean data of all atmospheric ele-
ments used in the present study are not available in
some CGCMs, thus 18 CGCMs are examined for
the evaluation (see Table 1).
Figure 6 shows seasonal changes in the CMAP
precipitation in mid-May (Julian pentads 28–33 mi-
nus 22–27), mid-June (Julian pentads 34–39 minus
28–33), and mid-July (Julian pentads 40–45 minus
34–39). Choice of the periods is based on Ueda et
al. (2009). At the ﬁrst transition in mid-May (Fig.
6a), precipitation increase is clearly recognizable
over the SCS. At the second transition in mid-June
(Fig. 6b), precipitation increases to the east of the
Philippines along a latitudinal band of 5–15N, in-
dicating an intensiﬁcation and northward shift of
the intertropical convergence zone (ITCZ) (Mura-
kami and Matsumoto 1994). One may notice that
convection is much suppressed over 20–30N to
the north of the intensiﬁed ITCZ domain, which is
associated with the withdrawal of the Baiu (Meiyu)
rainy season in the Southwest Islands of Japan
(Taiwan) (e.g., Kawamura and Murakami 1998).
Furthermore, enhancement of convection takes
place in the Korean Peninsula and the western part
of Japan indicating the onset of the Baiu
(Changma) rainy season in western Japan (Korea)
due to northeastward moisture transport along the
Fig. 6. Spatial distributions of the observa-
tional (CMAP) precipitation rate di¤erence
(mm day1) in (a) mid-May (Julian pen-
tads 28–33 minus 22–27), (b) mid-June
(Julian pentads 34–39 minus 28–33), and
(c) mid-July (Julian pentads 40–45 minus
34–39). Shading indicates precipitation in-
crease above 4 mm day1. Solid line boxes
(SCS, PHS and CJ regions) indicate areas
where onset dates are compared in Fig. 8,
and a broken line box (JP region) in (c) is
an area where precipitation di¤erences in
mid-July are compared in Fig. 10.
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western periphery of NPSH. At the third transition
in mid-July (Fig. 6c), precipitation increases over
the WNP region broadly, indicating the occurrence
of ‘‘convection jump’’ (Ueda et al. 1995). Associ-
ated with this abrupt enhancement of convection,
precipitation decrease over the central and western
part of Japan, which is indicative of the withdrawal
of the Baiu rainy season.
In order to compare seasonal marches of the
WNP summer monsoon in the CGCMs, especially
focusing on the onset pentads, we select three re-
gions (‘‘SCS’’ region: 10–20N, 110–120E;
‘‘PHS’’ region: 5–15N, 127.5–140E; and ‘‘CJ’’
region: 15–25N, 130–165E) from each panel
in Fig. 6. Here we deﬁne a monsoon onset pentad
(P) when [precipitation averaged from Pþ0 to
Pþ5] minus [precipitation averaged from P6 to
P1] shows a maximum increment for the period
from April to August. In this deﬁnition, the onset
pentads correspond to the period when the most
sudden precipitation increase occurs during boreal
summer. A schematic diagram to explain this deﬁ-
nition is shown in Fig. 7, taking a SCS onset in
observation (CMAP) as an example. In this case,
precipitation averaged in Julian pentads 28–34 mi-
nus that averaged in Julian pentads 22–27 shows a
maximum increment among the period from April
to August, thus the onset pentad is the 28th pentad
(16–20 May).
Figure 8 shows onset pentads in the three regions
in CMAP precipitation and the CGCMs, based
on the deﬁnition described above. Among the 18
CGCMs, only 7 CGCMs (models F, G, H, I, R, T
and U) reproduce the three-step eastward expan-
sion from SCS via PHS to the CJ region. In models
B, C and D, the onset pentads in PHS are earlier
than those in SCS, while the PHS onset is later
than the CJ onset in models J, P, and S. In models
P and S, the CJ onset is the earliest among the three
regions. Spread of the onset pentads in the PHS re-
gion is the largest of the three regions. The fact that
more than half CGCMs do not reproduce the
multi-stage onset over this domain implies that the
seasonal evolution of precipitation over the ocean is
Fig. 7. A schematic diagram to explain the deﬁnition of monsoon onset pentad in the present study. A thick
line shows seasonal change of CMAP precipitation over the SCS region (10–20N, 110–120E), and two
thin horizontal lines are 6-pentad averages of precipitation before and after onset. Central dates of the pen-
tads are shown below the abscissa. See text for detailed explanation.
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still a fundamental challenging topic in the state-of-
the-art CGCMs (Wang et al. 2005). A majority of
the CGCMs show that the SCS onset pentads tend
to be later than those in observation, whereas many
CGCMs reproduce the earlier CJ onset. This ten-
dency is also true for the 18-model MME result
(bottom of the panel). As a result, the intervals of
the stepwise onset in the CGCMs are generally
shorter than those in observation.
From observational analyses, Li and Yanai
(1996), Ueda and Yasunari (1998) and other previ-
ous studies have suggested that the ﬁrst transition
of the planetary monsoon (Lau et al. 1998) ob-
served in mid-May, concurrent with the reversal of
the meridional thermal gradient over the broad-
scale Asian monsoon domain is strongly linked to
the SCS monsoon onset. Therefore, we also exam-
ine the timing of the planetary-scale monsoon onset
in the CGCMs. Since daily-mean data of geopoten-
tial height are not available in almost all CGCMs,
we compare the Webster and Yang Index (Webster
and Yang 1992; hereafter referred to as WYI) in-
stead of the MTG compared in the previous sec-
tion. The WYI is deﬁned as the vertical di¤erence
of the area-averaged zonal winds between 850 and
200 hPa (U850U200) over 0–20N, 40–110E.
In observational studies, interannual variations of
the WYI and the MTG are strongly correlated
(Miyakoda et al. 2003), and an inter-model correla-
tion between JJA mean WYI and MTG among the
17 CGCMs, in which both daily and monthly mean
data are available, is also very high (correlation
coe‰cient: 0.86). With the advance of seasons from
the boreal winter to summer, the sign of the WYI
changes from negative to positive, mainly due to a
change of the upper tropospheric zonal wind direc-
tion from westerly to easterly in the vicinity of the
North Indian Ocean. In climatology, the sign of
WYI changes negative to positive in the 26th
pentad in observation (ERA-40), two pentads ear-
lier than the SCS onset (Fig. 8). In most CGCMs,
the ﬁrst pentad of positive WYI appears in late
April to the end of May, and is close to that in ob-
servation. In general, if the ﬁrst pentad of positive
WYI is earlier (later) than that in observation, the
SCS onset pentad occurs until the end of May (after
June), though some exceptional CGCMs also exist
(e.g., models F and J). This suggests that the timing
Fig. 8. Seasonal evolutions of the western North Paciﬁc monsoon deﬁned from CMAP precipitation dataset
(Obs.) and CGCMs. Filled triangles indicate the ﬁrst pentad when the Webster and Yang Index becomes
positive.
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of the SCS monsoon onset in the CGCMs is also
regulated by the large-scale change of the ASM
circulation (Lau et al. 1998) to some extent.
In order to examine the relationship of seasonal
evolution between precipitation and lower tropo-
spheric monsoon winds, Fig. 9 compares the
seasonal progress of precipitation (averaged along
15–20N) and 850 hPa zonal wind (averaged
along 10–15N) over the WNP regions in obser-
vation and the CGCMs, focusing on three stages
averaged from mid-May to mid-June (Julian pen-
tads 28–33), mid-June to mid-July (Julian pentads
34–39), and mid-July to mid-August (Julian pen-
tads 40–45). In observation, the eastward expansion
of the monsoon rain region is clearly discernable.
The eastward expansion of the lower tropospheric
westerly wind is well linked to the seasonal evolu-
tion of precipitation, and appears in the southwest-
ern part of that of precipitation (note that latitudi-
nal band of 850 hPa zonal wind is di¤erent from
that of precipitation in Fig. 9). This relationship is
also common in many CGCMs. In quite a number
of CGCMs, however, the seasonal eastward expan-
sions of both precipitation and lower tropospheric
westerly wind are more rapid than those in observa-
tions. This tendency is also recognized in the result
of the 18-model MME, shown at the bottom of this
panel. In some CGCMs, areas with much precipita-
tion expand not eastward but westward (e.g., model
M), or another rainy area near the dateline appears
apart from the westerly wind area to the west (e.g.,
models O and S). In these models, rainy areas ex-
pand northward from the ITCZ over the central
Paciﬁc o¤ the equator (ﬁgures not shown). In mod-
els Q and R, lower tropospheric westerlies once
retreat westward over the SCS from mid-June to
Fig. 9. Seasonal evolution of precipitation (averaged in 15–20N) and 850 hPa zonal wind (averaged in
10–15N). Upper: Julian pentads 28–33; middle: Julian pentads 34–39; lower: Julian pentads 40–45 in
observation, CGCMs, and the 18-model MME. Shading indicates areas above 5 mm day1 precipitation,
and vectors depict eastward expansions and westward contractions of 850 hPa westerly wind areas.
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mid-July. Too strong easterly wind over the WNP
blocks the westward progress of the lower tropo-
spheric westerlies in these CGCMs.
4.2 WNPM-induced tropical-subtropical
teleconnection
In this subsection, we compare tropical-
subtropical teleconnections between the WNP and
EA among the CGCMs. In mid-July, the so-called
‘‘convection jump’’, characterized by rapid precipi-
tation increase over the WNP (Fig. 6c), brings a
withdrawal of the Baiu rainy season in central
Japan and its vicinity (Ueda et al. 1995). Figure 10
shows a scatter diagram which indicates an inter-
model relationship between convective activities
over the CJ region (15–25N, 130–165E) and the
amount of precipitation decrease around Japan
(‘‘JP’’ region denoted as a dashed line box in Fig.
6c; 30–37.5N, 125–145E) after mid-July. In all
CGCMs, precipitation increases over the CJ region,
though its increment is smaller than that in obser-
vation. Among the 18 CGCMs, 14 models simulate
precipitation decrease over the JP region. It is inter-
esting to note that the precipitation changes be-
tween the two regions are negatively correlated (in-
ter-model correlation coe‰cient: 0.40), suggesting
that the teleconnection associated with the convec-
tion jump is one of the key phenomena also in these
CGCMs, in considering mechanisms and future
projection of the Baiu/Meiyu activities. Model Q
is apart from the linear inter-model relationship.
In this model, a center of precipitation increase in
mid-July locates over the SCS instead of the CJ re-
gion (ﬁgure not shown).
We also examined the tripole pattern of the pre-
cipitation change in mid-June (Fig. 6b), namely, the
suppressed rainfall over 20–30N, 120–150E,
and enhanced convection in the JP region due to
the mature phase of ITCZ over the PHS region.
However, we do not ﬁnd robust teleconnection pat-
terns in the CGCMs such as those in mid-July. This
is partly because the PHS monsoon onset does not
occur around mid-June in many CGCMs. Out of
the 18 CGCMs, 15 models do not reproduce the
precipitation decrease over 20–30N, 120–150E,
implying the di‰culty to express a northward mi-
gration of the Baiu/Meiyu rain band even in the
current CGCMs. Nevertheless, the convection
jump and the withdrawal of the Baiu rainy season
in mid-July are well reproduced.
4.3 Metrics on the stepwise seasonal changes
As with Section 3.2, the seasonal precipitation
changes in the CGCMs are evaluated quantita-
tively. Spatial patterns of the stepwise precipitation
changes in the CGCMs in mid-May (Julian pentads
28–33 minus 22–27), mid-June (Julian pentads 34–
39 minus 28–33), and mid-July (Julian pentads 40–
45 minus 34–39) are compared with those in obser-
vation (Fig. 6) over an area including the WNP,
SCS and the East Asian summer monsoon regions
(100–180E, 0–40N). Spatial correlation coe‰-
cients (R), ratios of spatial standard deviations
(SDR), and skill scores (S) between the CGCMs
and the observations are listed in Table 3. It is con-
sidered that these metrics indicate the degree of
reproducibility on abruptness, spatial patterns and
timing of the stepwise monsoon onset. Taylor dia-
grams on each stage are also presented in Fig. 11.
The spatial correlation coe‰cients and skill
scores are totally lower than those of the JJA
mean precipitation metrics over the broad-scale
Asian monsoon region (Table 2 and Fig. 5c), thus
it is still di‰cult to reproduce the stepwise seasonal
evolution over this domain accurately. Among the
three stages, the skill scores in mid-June are the
lowest in many CGCMs. Some CGCMs show
negative spatial correlations, mainly because of
Fig. 10. Same as Fig. 2, except the precipita-
tion di¤erences in mid-July (Julian pentads
40–45 minus 34–39) averaged over the CJ
region (130–165E, 15–25N), and the
JP region (125–145E, 30–37.5N).
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the insu‰cient reproducibility of the precipitation
changes over the PHS and around the Baiu/Meiyu
rain band as discussed in Section 4.2. Correlation
coe‰cients in the MME of the 18 CGCMs are
as high as those of the best CGCMs, but their stan-
dard deviations are quite smaller than those ob-
served, especially in the mid-June and mid-July
changes. As a result, skill scores in the MME are
not high. The averages of the three-step skill scores
are also shown in Table 3. It is interesting to note
that among the 7 CGCMs which reproduce the
three-step onset orderly (Fig. 8), 6 CGCMs have
the average skill scores higher than 0.3.
To summarize, the state-of-the-art CGCMs still
have more or less di‰culty to reproduce the step-
wise seasonal evolution over the SCS, WNP and
East Asian summer monsoon regions. In almost all
CGCMs, the seasonal eastward expansion of mon-
soon activities over the WNP and its vicinity is
faster than that in observation.
5. Discussions
In Section 4, we showed that quite a number of
CGCMs do not perform the three consecutive
seasonal evolutions orderly from west to east as
recognized in observation (Fig. 8). The skill scores
on the seasonal changes are also generally low in
the CGCMs (Table 3). We think the oceanic mon-
soons in these CGCMs might occur based on di¤er-
ent mechanisms from the observation, since the
observational studies (e.g., Ueda et al. 2009) indi-
cated that the stepwise changes of each stage
strongly inﬂuence on the changes of the next stage
via heat-induced teleconnection and air-sea inter-
action. If these CGCMs are utilized or heavily
weighted for future projections on monsoon
seasonal changes such as monsoon onset and
withdrawal dates over the WNP and its vicinity,
their reliability cannot be also high. Kitoh and
Uchiyama (2006) considered the level of reproduci-
bility for future projections of the ASM onset and
withdrawals, but their scores used as weighting fac-
tors are based on monthly data. In order to obtain
better future projections, we think it might be
necessary to choose or weight the CGCMs more
carefully, by considering the reproducibility as pro-
posed in the present study.
The WNP and SCS summer monsoons appear
over the ocean, and previous observational studies
revealed that atmosphere-ocean interaction is one
Table 3. Same as Table 2, except based on precipitation changes in (a) mid-May (Julian pentads 28–33 minus 22–27),
(b) mid-June (Julian pentads 34–39 minus 28–33), and (c) mid-July (Julian pentads 40–45 minus 34–39), over the
WNP and its vicinity (100–180E, 0–40N), with respect to each CGCM and the 18-model MME. The averages
of S of the 3 stages are also shown.
(a) mid-May (b) mid-Jun. (c) mid-Jul. average
ID Model R SDR S R SDR S R SDR S S
B BCCR-BCM2.0 0.546 1.055 0.356 0.072 0.454 0.026 0.539 0.427 0.183 0.188
C CGCM3.1(T47) 0.356 1.035 0.211 0.019 0.886 0.057 0.349 0.548 0.147 0.138
D CGCM3.1(T63) 0.440 1.073 0.268 0.111 0.703 0.084 0.263 0.665 0.135 0.162
E CNRM-CM3 0.613 0.854 0.413 0.057 0.527 0.034 0.623 0.614 0.345 0.264
F CSIRO-MK3.0 0.550 0.826 0.348 0.241 0.759 0.137 0.722 0.603 0.430 0.305
G CSIRO-MK3.5 0.629 1.314 0.409 0.411 1.111 0.245 0.667 0.893 0.477 0.377
H GFDL-CM2.0 0.637 1.223 0.431 0.288 1.040 0.172 0.673 0.785 0.462 0.355
I GFDL-CM2.1 0.469 1.094 0.289 0.251 0.765 0.143 0.805 0.710 0.591 0.341
J GISS-AOM 0.082 0.605 0.067 0.056 0.415 0.025 0.146 0.396 0.051 0.048
M FGOALS-g1.0 0.173 0.545 0.084 0.352 0.428 0.109 0.323 0.397 0.090 0.094
N INGV-ECHAM4 0.454 0.679 0.241 0.056 0.535 0.034 0.551 0.578 0.272 0.182
O INM-CM3.0 0.378 0.929 0.224 0.060 0.878 0.048 0.453 0.695 0.245 0.172
P IPSL-CM4 0.310 0.816 0.177 0.010 0.681 0.056 0.168 0.533 0.080 0.104
Q MIROC3.2(hires) 0.590 1.245 0.381 0.470 0.753 0.270 0.366 0.665 0.185 0.279
R MIROC3.2(medres) 0.676 1.332 0.454 0.249 0.600 0.118 0.272 0.505 0.106 0.226
S ECHO-G 0.559 0.887 0.364 0.499 0.832 0.305 0.633 0.611 0.352 0.340
T ECHAM5/MPI-OM 0.756 1.500 0.506 0.347 0.939 0.205 0.546 0.631 0.291 0.334
U MRI-CGCM2.3.2 0.649 1.184 0.449 0.382 0.829 0.220 0.697 0.895 0.512 0.394
18-Model MME 0.736 0.725 0.513 0.416 0.366 0.105 0.825 0.387 0.315 0.311
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of the key mechanisms to explain the stepwise
seasonal march (e.g., Wu and Wang 2001). These
studies suggested that SST plays a role of the
‘‘pace maker’’ for the seasonal evolution of the
oceanic monsoons. On the contrary, convective ac-
tivities over the oceanic monsoon regions also a¤ect
SST (e.g., Wang et al. 2005). Here, SST distribu-
tions in the CGCMs are compared with those in
observation. Some studies on the seasonal evolu-
tion of the WNP summer monsoon (e.g., Ueda
2005) have pointed out that the appearance of a
warm SST pool, in excess of 29.0C, is one of the
Fig. 11. Taylor diagrams for stepwise seasonal changes of precipitation over the WNP and its vicinity (100–
180E, 0–40N) in (a) mid-May (Julian pentads 28–33 minus 22–27), (b) mid-June (Julian pentads 34–39
minus 28–33), and (c) mid-July (Julian pentads 40–45 minus 34–39). Letters indicate each model ID in Ta-
ble 1, and a ﬁlled triangle is based on the 18-model MME.
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key elements in understanding the sub-seasonal
evolution of the WNP summer monsoon. Figure
12 exhibits the monthly mean warm pool areas
greater than 29.0C in observation (NOAA-
ERSST) and the 18 CGCMs examined in Section
4. In observation, a tongue-shaped warm SST area
appears along 15–20N in June, and expands
northeastward in July. In a majority of the
CGCMs, however, this warm SST area is not well
simulated, and rather tends to stagnate equator-
ward (0–10N).
From the viewpoint of SST formation forced by
atmospheric conditions, the eastward intrusion of
monsoon westerlies and associated convections
cause cooling of the underlying SST (e.g., Ueda
2005). In quite a number of CGCMs, eastward pen-
etration of low-level monsoon westerlies accompa-
nied with precipitation occurs earlier than that in
the observation (Fig. 9), especially after mid-June.
This might be associated with the lower SST along
15–20N. The importance of an active role of
convection in lowering the underlying SST around
the WNP region is also stressed in the previous
AGCM studies (Wang et al. 2005; Kobayashi et
al. 2005).
From the viewpoint of the inﬂuence of SST on
convective activities, on the other hand, it is sug-
gested that convection starts under a lower SST
condition in the CGCMs, compared with the ob-
servations. This could be caused by a lack of sup-
pressant mechanism prior to the stepwise rapid
enhancement of convection. For example, Ueda
et al. (2009) demonstrated that intense convection
activities over the PHS region induce subsidence
over the subtropical Northwest Paciﬁc during
June, contributing to the delayed onset in the CJ re-
gion. In many CGCMs, however, the PHS onset
pentad does not occur in mid-June, thus the resul-
tant subsidence is not induced, and might bring the
earlier CJ onset in many CGCMs. Lin (2007) also
pointed out the excessive sensitivity of precipitation
to SST in most part of tropical oceans including the
WNP region in many CMIP3 models. Therefore,
improvement of the sensitivity of convection to
SST might be important to better reproduce the
seasonal evolution of the WNP monsoon.
Besides the above, the present study implies that
the skill of reproducibility of atmospheric ﬁelds
over the WNP could be a¤ected largely by the
main body of the Asian monsoon through the east-
ward intrusion of the ASM toward the WNP. Pre-
vious studies showed that the WNP monsoon
activity is a¤ected by not only local SST but also
gradient of SST between the Indian Ocean and
western Paciﬁc. This zonal gradient is caused by
the eastward intrusion of monsoon westerlies
around 150E, implying an important role of the
planetary scale monsoon in the regulation of the
WNP monsoon (e.g., Ohba and Ueda 2006). Thus
an accumulation of these local and remote interac-
tions controls the reproducibility of the WNP mon-
soon in the CGCMs.
In addition to SST, factors hypothesized to be
important for simulations of the seasonal evolution
over the WNP and its vicinity include atmospheric
model resolution and use of ﬂux adjustment be-
tween the ocean and atmosphere. Regarding atmo-
spheric horizontal resolution, we cannot ﬁnd a clear
tendency between the resolution and the reproduci-
bility metrics. For example, models Q (MIROC3.2-
hires) and R (MIROC3.2-medres) are similar but
have di¤erent horizontal resolution, and the skill
score of model Q is not as high as that of model
R. We also compared the skill scores between the
CGCMs with and without the ﬂux adjustment, but
the di¤erence was not detected between them. Thus
these factors are thought not to be critical for the
reproducibility of the seasonal evolution. In order
to clarify the detailed physical processes which ex-
plain the variety of reproducibility in the CGCMs,
further studies on air-sea interaction via heat ex-
changes, atmospheric teleconnections and other
processes are needed.
6. Summary
Based on the WCRP’s CMIP3 multi-model data-
sets, evaluation of the summer monsoon over Asian
and western North Paciﬁc (WNP) sector is made
in terms of reproducibility of the seasonal mean
structure. Also investigated is a stepwise eastward
progress of convection center from the Indian
Ocean toward the western Paciﬁc occurring at one
month interval that is involved in the summertime
maturing process of the continent-ocean monsoons.
In JJA mean ﬁelds, most CGCMs roughly repro-
duce broad-scale features on the ASM, but lower-
tropospheric circulation over EA and the WNP,
and the location and intensity of the NPSH exhibit
large inter-model variability. Some CGCMs fail
to reproduce a reversal of the upper-tropospheric
meridional temperature gradient over the South
Asia and the North Indian Ocean. Metrics on the
reproducibility of lower-tropospheric circulation of
the ASM are also presented, in order to evaluate
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Fig. 12. Spatial distributions of 29C SST contours in (a) May, (b) June, and (c) July. Areas above 29C SST
in the observational data are shaded. Thin lines are 29C SST contours in each CGCM, and thick lines are
based on the MME of 18-model compared in Section 4.
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the reproducibility of the ASM circulation quanti-
tatively.
The reason that may be responsible for the large
inter-model variability over EA-WNP domains
could be attributed to insu‰cient reproducibility
associated with the oceanic monsoon. When we
compare the stepwise seasonal evolutions over the
WNP and its vicinity, the seasonal march com-
mences in May almost concurrently with large-scale
circulation of the ASM in many CGCMs, whereas
most models tend to reproduce accelerated seasonal
transitions over the WNP. Also in the CGCMs, the
tropical-subtropical teleconnection in mid-July play
an important role for the withdrawal of the Baiu/
Meiyu rainy season over EA. Metrics on the step-
wise seasonal evolution of precipitation ﬁelds over
the WNP and its vicinity are also calculated.
Among the three stages, the skill scores in mid-
June are the lowest in many CGCMs, suggesting
that it is still di‰cult to reproduce the seasonal
change in the PHS region and around the Baiu/
Meiyu rain band accurately.
For more reliable information on future climate
projection of seasonal changes over the WNP and
EA, we think it is useful to select better CGCMs
which can express these characteristics su‰ciently.
Comparisons of the physical processes of the step-
wise seasonal changes between the CGCMs and ob-
servations are very important, but not carried out
in detail in the present study. We are going to fur-
ther investigate the underlying mechanisms which
bring the di¤erences of reproducibility between the
CGCMs.
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Appendix
List of abbreviations
20C3M 20th Century Climate in Coupled
Models
AGCM Atmospheric general circulation mod-
els
ASM Asian summer monsoon
CGCM Coupled general circulation models
CJ Convection jump region (15–25N,
130–165E)
CMAP CPC Merged Analysis of Precipita-
tion
CMIP3 Coupled Model Intercomparison
Project phase 3
CPC Climate Prediction Center
EA East Asia
ENSO El Nin˜o-Southern Oscillation
ERA-40 40-year Reanalysis from the Euro-
pean Centre for Medium-Range
Weather Forecasts
ERSST Extended Reconstructed SST
IPCC AR4 Fourth Assessment Report of the
Intergovernmental Panel on Climate
Change
ITCZ Intertropical convergence zone
JJA June, July and August
JP Region around Japan (30–37.5N,
125–145E)
LLNL Lawrence Livermore National Labo-
ratory
MME Multi-model ensemble
MTG Meridional thermal gradient
NOAA National Oceanic and Atmospheric
Administration
NPSH North Paciﬁc subtropical high
P Pentad number
PCMDI Program for Climate Model Diagno-
sis and Intercomparison
PHS Philippine Sea region (5–15N,
127.5–140E)
PJ Paciﬁc-Japan
SCS South China Sea region (10–20N,
110–120E)
U200 Zonal wind velocity at 200 hPa
U850 Zonal wind velocity at 850 hPa
UV850 Zonal and meridional wind at
850 hPa
V850 Meridional wind velocity at 850 hPa
WCRP World Climate Research Programme
WNP Western North Paciﬁc
WYI Webster and Yang Index
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